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Introduction
14
Though zeolites exhibit catalytic utility and exquisite levels of shape selectivity due to 15 their well-defined active sites, which consist of framework-substituted heteroatoms, the scope of 16 zeolite catalysis has largely been limited to small reactants that fit inside of micropores, where a more controllable manner, with regard to location within the framework. conditions. The as-made Ti-MWW consisted of a significant amount of extraframework Ti 7 species, which were removed via nitric-acid wash. 24 All of these post-synthesis methods involve 8 formation of silanol nests, which are formed during deboronation and are subsequently 9 consumed during heteroatom reinsertion. An all-silica zeolite containing a large amount of 10 accessible silanol nests can be employed as a system of tetrahedral binding sites that can principle be used as a delaminated zeolite platform to afford any type of heteroatom-substituted 16 delaminated zeolite.
17
Here, in this manuscript, we demonstrate synthesis of an all-silica delaminated zeolite 18 DZ-1, which consists of silanol nests, from a MWW-type layered borosilicate zeolite precursor 19 ERB-1P, as shown in Figure 1 . This new delamination method requires neither organic 20 surfactants, corrosive pH (which can lead to amorphization of the zeolite framework), nor 21 energy-intensive sonication in order to achieve delamination. Our synthesis is accomplished in a 22 single step via an extraordinarily simple treatment with a warm Zn(NO 3 ) 2 aqueous solution at a 23 pH of around 1, using a small amount of added HNO 3 . The resulting delaminated material 1 consists of a similar topology as previously described ITQ-2 3 and UCB-1 5 , which also originate 2 from an MWW-type layered zeolite precursor. We also demonstrate reoccupation of the 3 accessible silanol nests located on the external surface of DZ-1 by Ti, to form a delaminated 4 titanosilicate MWW zeolite, which is denoted as Ti-DZ-1 (Scheme 1). The resulting Ti framework sites are shown to be accessible to large reactants during olefin epoxidation 6 catalysis using a bulky organic hydroperoxide as oxidant. Materials. All reagents used throughout this manuscript were of reagent-grade quality and were 10 used as-received unless otherwise noted.
12
Synthesis of ERB-1 Precursor (ERB-1P). Synthesis of ERB-1P was performed based on
13
reported literature procedure, with minor modifications as noted. 25 Typically, 2.40 g of NaOH
14
(EMD Chemicals, 97 %) and 6.18 g of H 3 BO 3 (≥ 99.5 %, Fisher Chemical) were dissolved in 30 ERB-1P, Si/B = 11) were added. A white viscous gel was obtained after mixing with a spatula.
18
The gel composition in molar ratios was spectroscopy experiments were performed at ambient conditions using a Bruker Avance 500
22
MHz spectrometer with a wide-bore 11.7 T magnet and employing a 4-mm MAS probe (Bruker). of a sample in the cell, was always automatically subtracted from measured spectra. For studying 10 acid sites, the zeolite pellets were exposed to pyridine vapor for approximately 5 min at 25 ºC.
11
Spectra were recorded after evacuation for 1 h at 150 ºC (3 ºC/min ramp rate from 25 ºC). layers, which causes a loss of long-range order along c-axis. 25 The (002) Delamination of ERB-1P using the approach described in this manuscript, consisting of at the T-positions where previously smaller B atoms were condensed located before delamination.
16
The PXRD pattern and unit-cell parameters for Ti-DZ-1 are quite similar to DZ-1, probably due 17 to the low Ti concentration in the material (Si/Ti = 67 for Ti-DZ-1).
18
The sharp peaks for the (101) and (102) in ERB-1C, DZ-1, and Ti-DZ-1. All spectra in Figure 3 show the absence of a Q (a) clearly show curved thin layers which lack long-range order, which is consistent with PXRD 5 data in Figure 2 . Consistent with data from N 2 physisorption in Figure 5 and Table 2 , such a 6 highly delaminated morphology is still well preserved after reoccupation of silanol nests with Ti, 7 as shown in Figure 4 (b) for Ti-DZ-1. = 29) (prepared using TiCl 4 rather than Ti(OC 4 H 9 ) 4 ) is also studied as a comparison material.
11
The DR-UV spectrum for TiO 2 /DZ-1 shows a broad absorption band centered at 247 nm for 12 extraframework Ti sites, 39 in addition to a shoulder at 330 nm for anatase, as shown in Figure 6a .
13
This data suggests that Ti-DZ-1 is more similar to Ti-MCM-41 rather than TiO 2 /DZ-1. clearly see that intensity of the 960 cm -1 band is negligible for DZ-1 (Figure 7a ), but, in stark 3 contrast, this band is strong for Ti-DZ-1 (Figure 7b) , which is very similar to what has been 4 reported for Silicate-1 and TS-1. 43 Therefore, the presence of the 960 cm -1 band in Ti-DZ-1 5 supports that Ti is incorporated into the zeolite framework, and is not located within an 6 extraframework environment such as anatase. cyclohexene with TBHP over Ti-DZ-1, DZ-1, and TS-1 are summarized in Table 3 . The TON
for Ti-DZ-1 (TON = 262) is significantly higher than DZ-1 (TON = 0) and TS-1 (TON ≈ 0).
14 Such a result can be rationalized by the fact that DZ-1 is a Ti-free sample, and the 10-MR system 15 within TS-1 is too restrictive from the standpoint of shape selectivity to allow either bulky 
10
The consequence of this instability is the synthesis of silanol nests as structural defects during B 11 loss, which also helps to preserve the delaminated zeolite sheets due to lattice distortion. an essential role in the delamination approach described in this manuscript. which can be either used as a pore filler, when used as a small neutral amine, or as a structure-17 directing agent, when used as a bulky quaternary SDA. MCM-22P has no B in its framework,
18
but it has HMI as the pore filler, which is very similar to the role of PI in ERB-1P. Thus, this was used to better understand the role of organics in the delamination. Finally, Na-kanemite was 1 used because it has neither B nor organic templates.
2
Results of our attempts for delaminating the aforementioned layered zeolite precursors 3 are listed in Table 4 . There was no increase in external surface area for B-SSZ-25 and B-SSZ-70 4 after treating with Zn(NO 3 ) 2 solution (Table 4) reported Al(NO 3 ) 3 -based method. 9 The possible reason may be that these SDAs are impossible 9 to extract via protonation or metal complex formation and remain too tightly bound inside of the 10 zeolite cages due to their larger size. Thus, we believe that when using the delamination method 11 described in this manuscript, a relatively small and neutral pore filler is also required for 12 delamination. Although MCM-22P has a pore filler very similar to that of ERB-1P, its 13 delamination was also unsuccessful, evidenced by no increase in external surface area (Table 4) .
14 This result suggests that B is required in the layered zeolite precursor and that only removal of 15 some organic SDA does not lead to delamination. The attempt to delaminate Na-Kanemite with 16 the approach described within this manuscript was also unsuccessful. This can be rationalized 17 on the basis of lack of both framework B and organic template as pore filler.
19
Conclusions
20
In this work, we report a surfactant-free synthesis of delaminated all-silica MWW zeolite, which is prepared by heating a MWW borosilicate zeolite precursor, ERB-1P, in zinc nitrate peak located at -98 ppm in DZ-1 can be assigned to the hydroxyl groups of silanol nests. Upon
10
Ti re-insertion, this Q 3 peak at -98 ppm diminished significantly due to the reoccupation of 11 silanol nests by tetrahedral Ti.
12
Ti is re-inserted into the silanol nests within DZ-1 by condensing 
